Abstract. The hyperfine induced 4f 14 5s5p 3 P o 0,2 − 4f 14 5s 2 1 S 0 transition probabilities for highly charged Sm-like ions are calculated in the framework of the multi-configuration Dirac-Hartree-Fock method. Electron correlation, the Breit interaction and quantum electrodynamical (QED) effects are taken into account. For ions ranging from Z = 79 to Z = 94, 4f 14 5s5p 3 P o 0 is the first excited state, and the hyperfine induced transition is an dominant decay channel. For the 4f 14 5s5p 3 P o 2 state, the hyperfine induced transition (HIT) rates of Sm-like ions with Z = 82 − 94 are reported as well as the magnetic dipole (M1) 3 P o 2 − 3 P o 1 , the electric quadrupole (E2) 3 P o 2 − 3 P o 0,1 , and the magnetic quadrupole (M2) 3 P o 2 − 1 S 0 transition probabilities. It is found that M1 transition from the 4f 14 5s5p 3 P o 2 state is the most important decay channel in this range on Z ≥ 82.
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Introduction
The influence of the hyperfine interaction on lifetimes of metastable states was first noted by Bowen in a comment to a paper studying on the "forbidden" line of mercury by Huff and Houston [1] . The lifetimes of metastable states for nsnp 3 P 0,2 states in the divalent atoms or ions were found to be significantly reduced by hyperfine induced transitions (HITs) [2, 3] , especially for the 3 P 0 state because the single-photon 0 − 0 transition is forbidden in absence of hyperfine interactions. In the presence of a finite nuclear spin, the hyperfine interaction introduces the mixings of wave functions between nsnp 3 P 0,2 and 1,3 P 1 levels, opening single-photon electric dipole transitions to the ground state ns 2 1 S 0 . These HIT attracts much attention in view of its potential applications, for instance, developing atomic clocks [4, 5, 6] , diagnosing plasma parameters [7, 8] and determining nuclear parameters [9, 10] . Since the pioneering work of Garstang [11] , there are a number of theoretical studies of HITs of nsnp 3 P 0,2 − ns 2 1 S 0 in the Be-like (n = 2) [7, 12, 13, 14, 15] , the Mg-like (n = 3) [7, 16, 17, 18] , and the Zn-like (n = 4) [19, 20, 21] (Z = 74) and heavier ions [24] . The scheme of the low-lying levels calculated in the Dirac-HartreeFock (DHF) approximation for W 12+ are shown in Fig. 1 . It is found that the spectra are much more complicated than other divalent atomic systems such as Mg-and Cd-like ion. There are 12 states for configuration 4f 13 5s 2 5p and 171 states for 4f 12 5s 2 5p 2 , the energy levels of which overlap with those in odd parity configuration 4f 14 5s5p due to the small energy difference between 4f , 5s, and 5p orbitals. The 4f 14 5s5p 3 P 0,2 states are not metastable as the 5s5p 3 P 0,2 states in other divalent atomic systems. However, the energy difference between 4f and outmost 5s or 5p orbitals increases with Z, because the 4f shell is more tightly bound for ions with the higher degree of ionization [24] . In Fig. 2 
Theory

The MCDHF method
In the framework of the multi-configuration DiracHartree-Fock (MCDHF) method, atomic state functions (ASFs) are represented as a linear combination of symmetry-adapted configuration state functions (CFSs)
where J and M are the total angular momentum and the magnetic quantum numbers, respectively. Γ and γ r are the additional quantum number defining each ASF or CSF uniquely. Configuration mixing coefficients c γ are obtained through diagonalizing the Dirac-Coulumb Hamiltonian
Here, V (r i ) is the monopole part of the electronnucleus Coulomb interaction, and α i and β i are the Dirac matrices. In the relativistic self-consistent field procedure, both the radial parts of Dirac orbitals and the mixing coefficients c γ are optimized for minimizing the energy of the atomic states concerned [25] . The Breit interaction in the low frequency approximation and quantum electrodynamical (QED) effects including the vacuum polarization and the self-energy correction can be included in the subsequent relativistic configuration interaction (RCI) calculation [26, 27, 28] .
Hyperfine induced transitions
Hyperfine interactions couples nuclear spin I and electronic angular momentum J to total angular momentum F , and only the F and M F are good quantum numbers. The wave function of a hyperfine level can be written as
where h ΓiJi are the hyperfine mixing coefficients, and can be obtained in first-order perturbation theory by
Here, the subscript 0 labels the unperturbative level. The hyperfine interaction Hamiltonian H hf s is expressed as [29, 30] 
where T (k) and M (k) are spherical tensor operators of rank k acting on the electronic and the nuclear parts of the wave function, respectively. The hyperfine interaction matrix elements can be expressed in terms of reduced electronic and nuclear matrix elements as [20] ΓJIF
In this work, only the magnetic dipole (k = 1) and the electric quadrupole (k = 2) hyperfine interactions are included. The reduced matrix elements of the nuclear tensor operators are related to nuclear magnetic dipole moment µ I and electric quadrupole moment Q through
and
The probability A (in s −1 ) for an electric dipole (E1) transition between two hyperfine levels can be written as [14] A = 2.02613 × 10
Here, λ is wavelength inÅ, and D (1) is the electric dipole tensor operator. The reduced matrix elements can be further simplified to ΓJIF ||D (1) ||Γ J I F = (2F + 1)(2F + 1)
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Using Eq. (4), (10)and (11), the transition probability is given by
In practical calculation, we only consider the hyperfine interactions between the states in the same configuration. For example, the hyperfine level belonging to the 4f 14 5s5p 3 P 0 state is given by
The mixing between 4f 14 5s5p 3 P 
Since the hyperfine mixing coefficients depend on nuclear parameters, it is difficult to investigate the trend of the HIT rates along the isoelectronic sequence. Therefore, we define a reduced HIT rate [7, 14, 18] A el = A M1 HIT
Here, W (IJ 0 JI; F 1) is the 6j-symbol as in Eq. (7) and A
M1
HIT indicates that only the magnetic dipole hyperfine interaction was taken into account in h(2S+1) P o
1
. It is clear that A el is independent on the nuclear parameters.
Computational model
The levels belonging to configuration 4f 14 5s 2 and 4f 14 5s5p are optimized in two separate MCDHF calculations. The configuration space is expanded by employing the active space approach. We start from the Dirac-Hartree-Fock calculations, in which the occupied orbitals are optimized as spectroscopic. In order to take into account the correlations between valence orbitals 4f , 5s and 5p, CSFs generated by single and double (SD) excitations from the valence orbitals to the virtual orbitals are included into the configuration space. Due to stability problems in the relativistic self-consistent field procedure, the virtual orbitals are augmented layer by layer up to n = 8, and only the outermost layer are optimized in each step. Each virtual orbital layer contains orbitals with the s, p, d, f and g symmetries. In Table 1 the virtual orbitals are listed by angular symmetry and the number of orbitals for each symmetry, being enclosed in quotation marks to avoid confusion with spectroscopic orbitals. For example, "2spdf g" stands for two s, p, d, f and g virtual orbitals. The core-valence (CV) and core-core (CC) correlations involving 4s, 4p and 4d shells are taken into account in the following RCI calculations. In this step CFSs generated by SD excitations from these three core orbitals to all virtual orbitals are included. By this step the calculations had converged, but in order to include spin-polarization in deep ssubshell [31, 32] we add the configurations generated by single excitations from 1s, 2s and 3s, to virtual s-orbitals in the last step. Furthermore, the Breit interaction and QED effects are considered in the RCI computations.
Results and discussion
Taking Au
17+ (Z = 79) as an example, we present in Table 1 is about 8000 cm −1 lower than the experimental value [34] . The present multiconfiguration calculation give much better results. It was found that the main valence correlations were captured by three virtual orbital layers, which make larger contribution to the excitation energies than the CV and CC correlations. The effects of the Breit interaction and QED on the excitation energies are similar to the CV and CC correlations. Table 3 the hyperfine induced 4f 14 5s5p 3 P o 0 − 4f 14 5s 2 1 S 0 transition probabilities (A HIT ) and corresponding transition energies (∆E) for Sm-like ions with Z = 79 − 94 are displayed. The nuclear parameters are taken from Ref [36] . For these ions the 3 P o 0 level is the first excited state. Therefore, the hyperfine induced transition is the unique single-photon decay channel, and the lifetime of this state is determined by the HIT rates. As can be seen from this table, the HIT rates depend on the nuclear properties to a large extent. For example, the HIT probabilities for 223 Ra (I=3/2, µ I =0.271) is 137.937 s −1 , compared with 306.553 s −1 for the isotope 227 Ra (I=3/2, µ I =0.404). In order to investigate the trend of the HIT probabilities along the isoelectronic sequence, the 'reduced' hyperfine-induced transition rates (A el ) defined in Eq. (12) are illustrated in Fig. 3 . For 4f 14 5s5p 3 P 0 state, there is no electric quadrupole hyperfine interaction between 3 P 0 and 1,3 P 1 states. Hence, the HIT rate can be expressed as
which factorizes the HIT rate into the nuclear and the electronic parts. The reduced HIT rates A el are independent of the nuclear parameters and have a smooth behaviour along the isoelectronic sequence. Furthermore, the reduced HIT rates can be fitted as a power function of Z as
The fitting curve is also depicted in Fig. 3 , which is in good agreement with the ab initio calculation. . To show the competition among these decay channels, the trend of the reduced HIT probabilities as well as the M1, M2 and E2 transition probabilities of this state along the isoelectronic sequence are illustratively presented in Fig. 4 . The HIT probabilities for the isotopes of each element concerned are plotted with scattering symbols. It is found that the M1 transition is dominant for these ions, and the HIT probabilities have the same order of magnitude as those two E2 transitions (
), but also depend on the nuclear parameters.
As mentioned above, the electric quadrupole hyperfine interaction is not taken into account in A el . In order to show the contribution from the electric quadrupole hyperfine interaction to the HIT rate for the 3 P o 2 state, the ratios between the hyperfine induced transition probabilities A HIT and the rates A
M1
HIT , where the latter only includes the magnetic dipole hyperfine interaction, are presented in Fig. 5 . It is clear that the electric quadrupole hyperfine interaction is important to the HIT rate only for isotopes with larger nuclear electric quadrupole moment Q compared with magnetic dipole moment µ I . For example, for 229 Th with Q = 4.3(9) and µ I = 0.46(4) the electric quadrupole hyperfine interaction changes the HIT rate (F = 3/2) by a factor of about 2. For isotope 209 Po with nuclear spin I = 1/2, however, the HIT only depends on the magnetic dipole hyperfine interaction.
Summary
With increasing atomic number Z, the ground state of Sm-like ions become [ 
